Excitation in neural circuits must be carefully controlled by inhibition to regulate information processing and limit over-or under-excitability. During development, inhibitory and excitatory inputs in the cerebral cortex are initially mismatched but become co-tuned, although the mechanisms for balancing inhibition with excitation have remained unknown. Here we show how coordinated long-term synaptic modifications calibrate excitatory and inhibitory synaptic weights across multiple inputs. We simultaneously monitored several inputs onto mouse auditory cortical pyramidal neurons, and induced plasticity at one set of inputs by pairing presynaptic and postsynaptic activity. Changes also occurred at other inputs including heterosynaptic modifications of the largest unpaired excitatory and inhibitory inputs, computed by postsynaptic neurons over a ten-minute period. These distributed changes collectively normalized correlation across synapses, balancing inhibition with excitation. Thus the overall neuronal synaptic weight distribution is monitored on-line, with specific adjustments occurring across multiple inputs to both enhance newly-relevant stimuli while preserving excitability.
shorter time-scale of activity-dependent plasticity (seconds to minutes), in an input-specific manner required to preserve or promote differential neural computations.
One alternative for regulation of overall excitability is heterosynaptic plasticity, i.e., modifications to other inputs not activated during induction of long-term potentiation (LTP) or other forms of long-term plasticity (14, (23) (24) (25) . Heterosynaptic long-term modifications at specific subsets of monitored inputs have been observed after excitatory LTP at paired 'homosynaptic' sites (7, (26) (27) (28) (29) (30) (31) (32) . However, it is unknown whether inhibitory synapses also undergo heterosynaptic modifications, and how these changes across multiple inputs might be coordinated to improve excitatory-inhibitory balance. Recently, we showed that spike-timing-dependent plasticity (STDP) could be induced at co-activated excitatory and inhibitory synapses (33). Spike pairing induced excitatory and inhibitory LTP, with the degree of inhibitory potentiation depending on the initial amplitude of co-evoked excitatory events. This naturally led to a normalization of the excitationinhibition ratio at the paired inputs. Here we now ask whether spike pairing also leads to heterosynaptic excitatory and inhibitory modifications, and if these changes might collectively reorganize or enhance the relationship between excitation and inhibition across inputs.
To examine how homosynaptic and heterosynaptic modifications might synergistically affect cortical excitatory-inhibitory balance, we made 115 whole-cell recordings from layer 5 pyramidal neurons in slices of mouse auditory cortex. An array of stimulation electrodes (interelectrode spacing: 120 µm) was placed in layer 4 and used to sequentially evoke 4-8 sets of excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) each at a low presentation rate (0.033 Hz) recorded in voltage-clamp (Fig. 1A) . This form of stimulation recruited separate populations of excitatory and inhibitory presynaptic inputs with a low degree of overlap across channels (Fig. 1B, fig. S1 ), in a manner that mimics the recruitment of thalamocortical inputs onto cortical neurons in vivo by sensory stimulation (34-37). After measuring baseline synaptic strength for 5-20 minutes, recordings were switched to current-clamp to pair synaptic inputs evoked by one channel of stimulation with postsynaptic spiking induced by depolarization through the whole-cell electrode (33, 38, 39) . Other stimulation channels were not activated during pairing. Following pairing, we resumed sequential stimulation of all channels and monitored paired and unpaired EPSCs and IPSCs for at least 16-25 minutes after pairing.
We found that pairing presynaptic and postsynaptic activity could lead to long-term synaptic modifications at multiple inputs, including inputs that were not activated during the pairing procedure. While some of these changes could be variable from cell to cell, we consistently found that the strongest unpaired excitatory and inhibitory inputs (the 'original best' inputs) were specifically modified minutes after pairing. For example, in the recording shown in Figure 1C , repetitively pairing presynaptic activation of channel S4 with postsynaptic spiking (pre→post pairing) induced excitatory and inhibitory LTP at the paired channel (Fig. 1C , red symbols; EPSC amplitude indicated by filled circles were increased by 39%, IPSC amplitude indicated by open circles were increased by 51%). These forms of excitatory and inhibitory STDP are similar to our previous study (33) . In contrast, the original best unpaired inputs (excitation evoked by channel S3 and inhibition evoked by S2) were both depressed (Fig. 1C , blue symbols; EPSCs decreased by −27%, IPSCs decreased by −72%). The other unpaired inputs were not substantially affected on average (Fig. 1C, black symbols) . Thus spike pairing induces rapid and specific heterosynaptic modifications in addition to more conventional STDP at paired (homosynaptic) inputs.
These selective modifications to the paired and original best inputs acted together to reorganize the overall profile of excitation and inhibition (i.e., 'excitatory-inhibitory balance'). As a metric of excitatory-inhibitory balance, we used the linear correlation coefficient r ei of EPSCs and IPSCs evoked across stimulation channels. Linear correlation has previously been used to quantify excitatory-inhibitory balance in vivo (7,40-43) and in vitro (44,45) . For this example cell, the initial IPSC amplitudes evoked by each of the six channels were mostly unrelated to the strengths of excitation across the stimulation channels (Fig. 1D , left, r ei-before: 0.25). This was unsurprising as, a priori, excitatory and inhibitory synapses activated by extracellular stimulation need not be functionally related despite spatial proximity near each electrode; note for this recording that the original best EPSCs and IPSCs were evoked by different electrodes. After pairing, however, we observed that this correlation increased, and the amplitudes of excitation and inhibition evoked by each stimulation site were more similar across all monitored channels (Fig.   1D , right, rei-after: 0.48). In other words, after pairing over the six stimulation sites, when EPSCs were smaller IPSCs tended to be smaller, and when EPSCs were larger IPSCs also tended to be larger. This was a consequence of coordinated homosynaptic and heterosynaptic modifications to the paired input (Fig. 1D , red arrow) and original best unpaired excitatory and inhibitory inputs (Fig. 1D, blue arrowheads) . Such activity-dependent changes over multiple paired and unpaired synapses-which collectively act to improve excitatory-inhibitory balance-are reminiscent of similar experience-dependent changes to excitatory and inhibitory synaptic tuning curves in young rodent auditory cortex in vivo (7) .
The relative timing of pre/postsynaptic spiking during pairing determined the sign of heterosynaptic plasticity at the originally-strongest inputs. In 25 recordings, we found that pre→post pairing reliably induced LTP at paired excitatory and inhibitory inputs with concomitant heterosynaptic LTD, which was reliably induced at the original best excitatory and inhibitory inputs ( Fig. 2A, fig. S2A, fig. S3A ). While not every cell experienced all four forms of synaptic modifications in absence of changes to other inputs, on average other non-best unpaired inputs were not consistently modified after pairing ( Fig. 2A, bottom) . In contrast, in 11 other recordings we observed that post→pre pairing induced excitatory LTD and inhibitory LTP as previously reported (33,39), together with heterosynaptic LTP at the original best excitatory and inhibitory inputs (Fig. 2B, fig. S2B, fig. S3B ). Heterosynaptic excitatory LTP might be useful for compensating for reductions in excitability after homosynaptic LTD at the paired excitatory inputs.
Additionally, as pre→post pairing potentiates paired inhibitory inputs, heterosynaptic inhibitory LTD provides a mechanism for bi-directional regulation of inhibitory synaptic strength.
The coordinated synaptic modifications induced by either pre→post or post→pre pairing could affect overall excitatory-inhibitory correlation r ei in similar ways. In general, when this correlation coefficient was initially low (rei-before <0.4), the correlation was increased after pairing (Fig. 2C, fig. S2 ). This occurred for both pre→post and post→pre pairing ( Fig. 2C, top; cells to left of red line at r:0.4 are generally above the unity line), indicating that although the specific valence of synaptic modifications might be different, these changes act together to reorganize populations of synaptic inputs and enhance excitatory-inhibitory balance. However, when the excitatory-inhibitory correlation was initially high (rei-before >0.4), the correlation instead decreased after pairing (Fig. 2C, fig. S3 ). Unpaired inputs receiving only presynaptic spiking via extracellular stimulation showed no long-term change in excitatory-inhibitory correlation (Fig. 2C, bottom, gray) . Changes in excitatory-inhibitory correlation were due mainly to heterosynaptic modifications of unpaired inputs rather than homosynaptic plasticity of paired inputs, especially when the initial correlation was low. Considered independently, computing reiafter assuming only changes to paired inputs led to smaller changes than assuming only changes to unpaired inputs (Fig. 2D) .
Thus pre/post spike pairing rapidly induces heterosynaptic plasticity to effectively normalize excitatory-inhibitory balance, adjusting the relation of inhibition to excitation to promote a moderate level of correlation of ~0.4. This value is close to that observed in vivo in adult rodent auditory cortex after the critical period for tonal frequency tuning (7) . Intuitively, when the excitatory-inhibitory correlation was initially low, this was at least in part because the original best excitatory and inhibitory inputs were activated by different channels (in 12/14 pre→post pairing recordings and 5/5 post→pre pairing recordings). Heterosynaptic plasticity at these different inputs would naturally make the best channels more similar, since original best excitation and inhibition were both depressed after pre→post pairing and potentiated after post→pre pairing. Note that when excitatory-inhibitory correlation was initially high, changes to the paired channel also served to normalize the correlation levels; for post→pre pairing, excitation and inhibition were modified in opposite directions.
These findings indicate that single neurons have mechanisms for sensing relative input strengths and communicating this information across diverse excitatory and inhibitory cells, for activity-dependent coordination of overall synaptic strength profiles. Therefore we next aimed to identify such mechanisms and determine how heterosynaptic plasticity was selectively induced at the original best unpaired inputs. We first used two-photon Ca 2+ imaging to examine dendritic Ca 2+ events in layer 5 pyramidal cells during pre/post spike pairing (Fig. 3A, left) . We found that both pre→post and post→pre pairing led to a broadening in backpropagating action potential-evoked Ca 2+ transients (Fig. 3A , 'Normal solution'). We wondered if this enhanced Ca 2+ signaling triggered by spike pairing was related to the phenomenon of Ca 2+ -induced Ca 2+ release from internal stores (46, 47) . This mechanism could potentially provide a means for intracellular communication across multiple synapses and has been implicated in heterosynaptic modifications in other temporal lobe structures, including amygdala (30) and hippocampus (48). We found that intracellular perfusion with thapsigargin (to deplete internal calcium stores, 10 µM) prevented this broader Ca 2+ event, such that transients evoked during pre→post and post→pre pairing were no different than the postsynaptic spike-triggered Ca 2+ transients alone (Fig. 3A , 'Thapsigargin').
Ca 2+ -induced Ca 2+ release was also the major mechanism for heterosynaptic plasticity.
Either intracellular thapsigargin (Fig. 3B,C) or ruthenium red (an antagonist of ryanodine receptors, 20 µM; Fig. 3C, fig. S4 ) prevented heterosynaptic modifications but spared changes to paired excitatory and inhibitory inputs after pre→post or post→pre pairing. In contrast, all changes to paired or unpaired excitatory and inhibitory inputs were prevented by bath application of APV (50 µM) to block NMDA receptors ( Fig. 3C) . Each of these manipulations-thapsigargin, ruthenium red, or APV-prevented significant changes to overall excitatory-inhibitory correlations after spike pairing. Therefore, the intracellular calcium signaling initiated by activation of NMDA receptors at paired excitatory synapses subsequently triggered a set of other modifications, mainly to paired inhibitory synapses and the original best unpaired excitatory and inhibitory synapses.
These results show that heterosynaptic plasticity can be selectively induced at a specific subset of excitatory and inhibitory inputs onto individual postsynaptic neurons. These original best inputs are necessarily locally but not globally maximal, as only a fraction of the total inputs received by these neurons were activated by the stimulation electrode array. As heterosynaptic changes were expressed ~10-20 minutes after pairing, we hypothesized that these locally-maximal inputs were computed by postsynaptic cells within this brief post-pairing period. To test this prediction, we performed a final set of experiments in which multiple inputs were monitored before and after pre/post pairing, as before; however, immediately following pairing, the original best excitatory and inhibitory inputs (selected to be on the same input channel) were not stimulated for the first ten minutes post-pairing.
In the recording shown in Figure 4A , channel 8 evoked the originally-largest EPSCs and IPSCs, channel 6 evoked the second-largest EPSCs and IPSCs, and channel 4 was the paired channel. After pre→post pairing, channel 8 was turned off for ten minutes. During that period, the paired EPSCs and IPSCs increased, while heterosynaptic LTD was induced at the 'relative best' EPSCs and IPSCs evoked by channel 6. When channel 8 was reactivated, the originally largest
EPSCs and IPSCs at that channel remained at their initial amplitudes, and were stable until the end of the recording. Over all recordings, the relative best input during the ten-minute post-pairing period was selectively affected by heterosynaptic modifications rather than the original best inputs (Fig. 4B ). This experiment demonstrates that heterosynaptic plasticity can be specifically manipulated, such that these changes selectively occur at whichever inputs were most strongly activated in a restricted post-pairing period. Furthermore, these results show that cortical neurons have a Ca 2+ -dependent mechanism for determining and adjusting overall excitation and excitatoryinhibitory balance in a rapid and stimulus-specific manner.
Here we have described how organized forms of long-term homosynaptic and heterosynaptic plasticity selectively adjust populations of excitatory and inhibitory inputs onto mouse cortical pyramidal neurons. Although inputs evoked by each stimulation channel may not initially be functionally related, these inputs become bound together via repetitive co-activation together with postsynaptic spiking. This might emulate how novel sensory stimuli recruit initiallyunrelated inputs, which become functionally coupled via mechanisms of experience-dependent plasticity. Part of this mechanism involves computing local maxima of incoming inputs for selective modifications of specific synapses. Combined with slower forms of homeostatic plasticity (22), individual cortical neurons have the capability to integrate or accumulate recent activity over minutes to hours, enabling flexible representations of external stimuli and control over excitability on multiple short and long time-scales.
Although excitatory-inhibitory balance is a fundamental feature of neural networks (10, 14, 40, 45) , it has remained unclear how this organization is set up and calibrated on-line, especially in response to changes of excitatory synapses believed to be important for learning and memory storage. Instead of a rapid, global optimization process-which might be difficult to biologically implement-our results demonstrate that a restricted set of activity-dependent changes is sufficient to normalize excitatory-inhibitory balance within minutes, enhancing the relation between inhibition and excitation when mismatched, or reducing this value if inhibition is too restrictive. Consequentially, heterosynaptic plasticity and inhibitory plasticity work together to automatically restructure excitatory-inhibitory balance after induction of long-term excitatory modifications to update information storage without disrupting overall network function.
regulates the surface expression of synaptic AMPA and NMDA glutamate receptors. Proc. Lower left, intracellular perfusion with ruthenium red (20 µm) spared homosynaptic plasticity at paired inputs but prevented heterosynaptic plasticity at the original best excitation and (A) EPSC summation across channels. Top, example traces for one recording; there were four active stimulation electrodes (S1-S4), and S1 was the paired channel. Activating S1
together with either S2, S3, or S4 showed that approximately linear summation of EPSC pairs, indicating minimal overlap between excitatory inputs activated by S1 and S2, S3, or S4. Bottom, summary of channel overlap percentage across all cells with channel separation of 120 µm; overlap of 0% indicates independent summation (120 µm from paired channel: 16.5±11.7% overlap, mean±SD, n=40; 240 µm from paired channel:
17.2±11.1% overlap, n=37; 360 µm from paired channel: 13.9±14.0% overlap, n=27; 480 µm from paired channel: 14.9±8.9% overlap, n=17; 600 µm from paired channel:
13.2±18.0% overlap, n=3). Examples of paired and heterosynaptic STDP increasing excitatory-inhibitory correlation when initially low.
Fig. S3.
Examples of paired and heterosynaptic STDP decreasing excitatory-inhibitory correlation when initially high.
